Abstract -Sequence data from the mitochondrial 16S rDNA of 34 species from 22 genera of stingless bees plus outgroup sequences from 11 species of other corbiculate bees were used to investigate the phylogenetic relationships among the Meliponini. Equally weighted parsimony and maximum likelihood analyses were performed. Four main clades were recognized in the parsimony consensus tree: (A) Hypotrigona, (B) Austroplebeia, (C) remaining African genera (Plebeina, Meliplebeia, and Axestotrigona) plus the two Oriental genera (Lepidotrigona and Heterotrigona), and (D) Neotropical genera. The African genus Hypotrigona was placed as the most basal branch in the tribe, followed by Austroplebeia as the sister group of other two major clades (C and D). Our results did not support traditional groups with intercontinental composition, e.g. Trigona sensu lato or Plebeia sensu lato.
INTRODUCTION
Meliponini is a tribe of highly social stingless honey bees. Although the tribe has a pantropical distribution, most species are restricted to the Neotropical region (ca. 75% of the approximately 500 known species). Meliponini are easily distinguished from other tribes of the subfamily Apinae by the reduced wing venation, presence of a penicillum (a brush of long setae on the outer, apical surface of the hind tibia), and a vestigial sting (Wille, 1979 (Wille, , 1983 Michener, 1990 Michener, , 2000 , among many other features. A major character that separates Meliponini from other corbiculate tribes is the absence of an auricle on the hind basitarsus. The species included in the tribe show considerable variety in size, nesting sites, and nest architecture (Michener, 1974; Sakagami, 1982) . The female castes, queen and worker, differ strikingly in morphology (Michener, 1974; Wille, 1979) . Different generic classifications have been proposed for this tribe over the past 50 years (e.g. Michener, 1944; Schwarz, 1948; Moure, 1951 Moure, , 1961 . The first cladistic hypothesis 74 M.A. Costa et al. based on an analysis of 17 morphological characters was proposed by Michener (1990) . He recognized a total of 35 taxa at the genus and subgenus level. Camargo and Pedro (1992a) reanalyzed the same characters and proposed an alternative hypothesis in which 55 genera were recognized. More recently a new genus, Meliwillea, endemic to Central American cloud forests was described by Roubik et al. (1997) . Both phylogenetic hypotheses recognize groups with intercontinental composition. Trigona sensu Michener (1990 Michener ( , 2000 , for example, includes Neotropical, as well as Indomalayan taxa.
Michener's and Camargo and Pedro's hypotheses have several major disagreements. In Michener's (1990) analysis, the Neotropical genus Melipona comes out as the sister group of the remaining Meliponini, and the Australian genus Austroplebeia appears related to the African forms. In Camargo and Pedro (1992a) , these two genera are placed among several Neotropical genera related to Plebeia. Moreover, doubtful relationships appear among the minute Hypotrigona-like bees that include Neotropical, African and Indomalayan forms and which are placed as closely related taxa in Michener's cladograms. According to Moure (1961) , character convergence associated with reduction of size could have occurred within this group.
Despite these recent studies, the relationships among the meliponine genera remain poorly understood. The utility of DNA sequence data to resolve Meliponini phylogenetic relationships is still to be evaluated. Sequence data from the mitochondrial 16S rRNA gene have been used previously at higher-level phylogenetic studies within the order Hymenoptera (Cameron, 1991 (Cameron, , 1993 Derr et al. 1992a, b; Austin, 1994, 2001; Dowton et al., 1997; Koulianos et al., 1999; Cameron and Mardulyn, 2001) . In the present study, we used 16S rDNA sequence data to investigate the phylogenetic relationships among 22 of the 56 genera of Meliponini recognized by Camargo and Pedro (1992a) and Roubik et al. (1997) .
MATERIALS AND METHODS
We examined sequence data from the mitochondrial 16S rDNA of 34 species of Meliponini, representing 22 genera. Available GenBank sequences from four species of Apis, four of Bombus and three of euglossine bees (Euglossa, Eufriesea and Eulaema) were included as outgroups in the analysis. A list of the species analyzed is shown in Table I .
Total nucleic acid extraction followed the protocol of Sheppard and McPheron (1991) , with a few modifications. For each extraction, a single bee thorax was homogenized in 100 µL of buffer in a 1.5 mL microcentrifuge tube. The final pellet was resuspended in 50 µL of TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). DNA templates were amplified by polymerase chain reaction on an ERI-COMP thermocycler performing 40 amplification cycles (94 °C, 1 min; 42 °C, 1.5 min; and 64°C, 1.5 min), followed by a final extension step at 72 °C for 5 min. PCR amplifications were carried out in 25 µl total reaction volumes using 2.5 µl of reaction buffer, 4 µL of dNTP mixture (final concentration of 200 µM each), 1 µL of each primer, 1 unit of Taq polymerase (Promega), 1 or 2 µL of DNA template, and sterile water.
For DNA amplification, we designed the following two primers based on available sequences from the honey bee 16S rDNA: LR13943F 5'-CACCTGTTTATCAAAAACAT-3' and LR13392R 5'-CGTCGATTTGAACTCAAATC-3'. Sequences corresponding to nucleotides 13392 through 13943 of the honey bee mitochondrial genome (Crozier and Crozier, 1993) were obtained by direct sequencing of double-stranded amplified DNA fragments of about 550 bp. Sequencing followed the Sanger method (Sanger et al., 1977) using T7 Sequenase version 2.0 (Amersham Co.). Electrophoresis was carried out on 6% polyacrylamide sequencing gels (Long Ranger Gel -AT Biochem, Malvern, PA), 0.5X and 1X TBE upper and lower tray respectively, 2400 V at 50 °C for 2 hours. Afterwards, gels were rinsed in deionized water, dried and exposed to X-ray film at room temperature for 24 hours. The new sequences obtained were deposited in GenBank (http://www.ncbi.nlm.nih.gov) under accession numbers AF343091-AF343118 (see Tab. I).
Alignment of the sequences was performed using the program CLUSTAL W (Thompson et al., 1994) and adjusted by hand to optimize the alignments of gaps. Gaps were treated as missing data in the parsimony analyses. Maximum parsimony analysis was performed using the program PAUP* 4 b8a (Swofford, 2001) for Windows. Branch support was evaluated by jackknife [37% of characters removed per search, as suggested by Farris et al. (1996) ] and bootstrap proportions, calculated on a data matrix with invariant and autapomorphic positions removed. The following command strings were used in PAUP to obtain, respectively, the jackknife and bootstrap proportions: "jackknife pctdelete = 37 nreps = 100 search = heuristic/ nreps = 2 addseq = random" and "bootstrap nreps = 100 search = heuristic/ nreps = 2 addseq = random". Model selection for the maximum likelihood (ML) analyses was carried out using the program Modeltest Version 3.06 Crandall, 1998, 2001 
RESULTS
The length of the 16S rDNA fragments sequenced in the present study and used in the phylogenetic analyses varied from 320 (for Hypotrigona) to 421 bp (for Frieseomelitta). Most species had between 410 and 420 bp sequenced and only three species had less than 390 bp. The length of the sequences taken from GenBank varied from 458 (T. amalthea) to 479 bp (Euglossa imperialis). The partial sequences of the 45 taxa resulted in a data matrix of 462 aligned bases. The aligned sequences can be obtained from the first author upon request. Variation among the taxa occurred in 259 base positions, with 72 characters being autapomorphic. A high A+T content was observed (81.4%). The uncorrected sequence divergence among Meliponini ranged from 1 to 19%.
Exclusion of autapomorphies and invariant characters from the data set left 187 informative sites for the parsimony analysis. Equally weighted parsimony analysis resulted in 6 most parsimonious trees of 901 steps with a consistency index of 0.33 and a retention index of 0.55. The strict consensus tree is shown in Figure 1 . Previous hypotheses of relationships among the corbiculate Apinae were not taken into consideration for tree rooting: the tree root was simply placed between the ingroup and outgroup. Previous molecular and morphological studies on the phylogeny of the corbiculate Apinae (Apini, Euglossini, Bombini and Meliponini) have produced conflicting results and readers interested in these relationships should consult recent studies on this subject, e.g. those by Ascher et al. (2001) , Cameron and Mardulyn (2001) , Engel (2001a, b) , Schultz et al. (2001) and Noll (2002) . Therefore, the arrangements shown here for the outgroup taxa should not be taken as evidence for or against any of these hypotheses, especially because our taxa sampling is rather inadequate for this purpose.
Meliponini came out as a monophyletic group, with a high jackknife and bootstrap support (100%). Four main clades within Meliponini can be recognized in the consensus tree: (A) Hypotrigona, (B) Austroplebeia, (C) the remaining African genera (Plebeina, Meliplebeia and Axestotrigona) plus the two Oriental genera (Lepidotrigona and Heterotrigona) and (D) the Neotropical genera. However, none of the basal arrangements are supported by jackknife and bootstrap values higher than 50%.
The maximum likelihood analysis resulted in one tree ( Fig. 2) with a -Ln score of 4817.06398. The relationships within Meliponini differed in several aspects from those reconstructed under parsimony, especially for the arrangements at the base of the tree. Despite these incongruencies, the large Neotropical clade and several other smaller groups were recovered in both analyses (compare Figs. 1 and 2 ).
The main difference between the results from the parsimony and ML analyses was the basal group formed by Hypotrigona, Lepidotrigona and Austroplebeia in the ML tree. However, Hypotrigona, Lepidotrigona and Austroplebeia symei contributed the shortest sequences in the dataset, (320, 340 and 338 bp respectively). Additional sequence data from multiple genes will be needed to clearly resolve these basal relationships. Considering that morphological and biogeographical evidence also supports a closer relationship between Lepidotrigona and Heterotrigona than for Lepidotrigona and Hypotrigona, our discussion focuses on the parsimony results.
DISCUSSION
The analyses of the 16S rDNA partial sequences conducted in the present study Molecular phylogeny of the stingless bees 77 indicated phylogenetic relationships for the major groups of Meliponini that differ significantly from previous hypotheses based on adult worker morphology. Traditional groups with intercontinental composition, e.g. Plebeia sensu lato (Moure, 1951 (Moure, , 1961 including Neotropical and African genera) or Trigona sensu lato (Michener, 1990 (Michener, , 2000 including Neotropical and Oriental genera) were not recovered in our analyses, nor were sister group relationships between Neotropical and African or Oriental faunas. For comparison, the stingless bee taxa used in the present study were arranged accordingly to the hypotheses presented by Michener (1990) (Fig. 3) and Camargo and Pedro (1992a) (Fig. 4) . Optimizing the 16S data set on these trees revealed that their arrangements are considerably less parsimonious (613 and 596 steps in length, respectively) when compared to the hypothesis obtained with the 16S sequences (515 steps).
The basalmost position for the African genus Hypotrigona (branch A, Fig. 1 ) supports the previous suggestion by Michener (1990) that this genus could be the sister group to all the other genera of Meliponini, a hypothesis based on the putatively plesiomorphic mandibular and sternal features of the male. Unfortunately, other genera likely to come out as basal groups within Meliponini, as e.g. Liotrigona (African), Pariotrigona (Oriental) and Trigonisca (Neotropical), could not be included in our analysis due to lack of adequate material for DNA extraction. Although all Meliponini lacks the mesoscutal supra-alar carina (Michener, 1990) , these genera contain the only stingless bee species in which the groove associated with the carina is still present (Melo, unpublished data).
Austroplebeia, a genus proposed by Moure (1961) for a group of species restricted to Australia and New Guinea, came out in the parsimony analysis as the second most basal branch within the Meliponini (branch B, Fig. 1 ). Its isolated geographic distribution lends support to this placement. This result disagrees with Moure's original suggestion of a close relationship between Austroplebeia and the Neotropical Plebeia. His view, Figure 3 . Tree showing relationships among stingless bee taxa used in the present study arranged accordingly to the hypothesis presented by Michener (1990) . somewhat supported by Camargo and Pedro (1992a, b) , was mainly based on the shape of the keirotrichiate area on the inner surface of the worker hind tibia. Michener (1990) , however, suggested a different hypothesis placing Austroplebeia as closely related to the African genera based on morphology of the worker gonostyli. Our result, on the other hand, does not support either of the previous hypotheses and suggests that the similarities in the morphology of the keirotrichiate area and gonostylus might represent plesiomorphies.
Heterotrigona and Lepidotrigona, the two Oriental representatives of the Trigona sensu Michener (1990) in our data set, came out as sister groups in the parsimony analysis. These two taxa were nested within a larger clade containing the African genera Plebeina, Axestotrigona and Meliplebeia (branch C in Fig. 1 ). Although the whole clade had neither jackknife nor bootstrap support higher than 50%, two of the internal branches did, in particular the branch connecting Meliplebeia with Heterotrigona + Lepidotrigona. Tree showing relationships among stingless bee taxa used in the present study arranged accordingly to the hypothesis presented by Camargo and Pedro (1992a) .
This close association between the Oriental and African taxa might seem unlikely considering the morphological features used by Michener (1990) to support the monophyly of both an African clade and Trigona sensu lato. Nevertheless, the morphological evidence should be interpreted with caution. Dactylurina, for example, was for a long time considered the only African representative of Trigona s.l. because of its elongated body shape, shiny integument, narrow keirotrichiate ridge and plumose setae along posterior margin of hind tibia (e.g. Moure, 1961) . The morphology of the worker sting rudiments and male genitalia, however, led Michener (1990) to include Dactylurina among the other African taxa as the sister group of Plebeina.
Additional support for a closer relationship between African and Oriental taxa also comes from the relatively high number of paleotropical groups of bees with no representatives in the Neotropical region, e.g. the tribes Allodapini and Ctenoplectrini and the genus Apis. There is no known case of a bee group occurring only in the Oriental and Neotropical regions and lacking from Africa. In this regard, Trigona sensu Michener would be an exception. Therefore, recovering a monophyletic Neotropical clade (branch D, Fig. 1 ) was not surprising. This does not mean, however, that the whole Neotropical meliponine fauna would constitute a monophyletic group, since Trigonisca and related forms were not included in the analysis. There is morphological evidence that this Neotropical group might represent one of the basal branchs in Meliponini (see above).
Regarding the arrangements among the 15 Neotropical genera, our results do not support the main groups traditionally recognized within the Neotropical fauna (see Figs. 3 and 4) , although some smaller groups with strong morphological support were recovered in the present analysis, e.g. the clade formed by the genera Meliwillea and Scaptotrigona. This relationship had a high jackknife and bootstrap support corroborating the hypothesis proposed by Roubik et al. (1997) . In addition, alternative phylogenetic relationships were suggested for some Neotropical taxa as shown in Figure 1: (1) Lestrimelitta, a genus of obligatory robber bees, was placed as closely related to the genus Plebeia s. str.; (2) the Plebeia-like genus Schwarziana was placed close to the genus Trigona s. str; (3) Friesella, another Plebeialike genus, was placed distantly from Plebeia; (4) Oxytrigona, a group traditionally included among the Trigona s.l. (e.g. Moure, 1951; Michener, 1990 Michener, , 2000 Camargo, 1996) came out together with Partamona; and (5) Melipona, a morphologically and behaviorally isolated group within Meliponini, was deeply nested within the Neotropical clade.
The placement of Lestrimelitta as sister group of Plebeia s. str. in our cladograms also has some support from morphological data. The inner surface of the worker hind tibia of Lestrimelitta possesses a narrow, slightly depressed posterior rim, resembling that of Plebeia, a condition that, according to Michener (1990) , may be indicative of derivation from a common ancestor.
Plebeia sensu Michener includes several taxa recognized as distinct genera by other authors (e.g., Moure, 1951; Camargo and Pedro, 1992a, b) . Michener (1990 Michener ( , 2000 emphasized the morphological similarities of these taxa and downweighted the small number of characters used by Moure (1951) to separate the groups. Four of these genera were included in our analysis, Plebeia, Schwarziana, Friesella, and Scaura. The results obtained here favor recognition of generic status for these groups since they did not form a monophyletic clade as one would expect if Michener's character weighting was correct.
The position of Melipona in our phylogenetic analysis, as one of the most apical branches, is congruent with Camargo and Pedro's (1992a, b) hypothesis (see Fig. 4 ). This is one of the most specialized groups within Meliponini, exhibiting several autapomorphic morphological and behavioral features. Melipona has been traditionally placed as an isolated group within the tribe because of its unique features (e.g. Moure, 1951; Michener, 1990 Michener, , 2000 . Our results, therefore, do not support the somewhat aberrant position for Melipona as the most basal branch of the Meliponini in Michener's phylogeny.
This first investigation into the molecular phylogeny of the stingless bees provided only limited support to the previous morphologybased hypotheses. More importantly, it suggested new alternative relationships among the included taxa. We are aware that some of these relationships are poorly supported and should be carefully reevaluated in future studies. An improved resolution of the present phylogeny is likely to be obtained by analyzing a larger number of meliponine taxa, larger fragments, and by obtaining sequence information from other regions of the genome, in particular nuclear genes. In addition, molecular and morphological data should be jointly analyzed in future investigations. Unfortunately, the currently available information on morphological characters for Meliponini are not detailed enough to allow a robust combined analysis and gathering the necessary morphological data was beyond the scope of the present study. Hypotrigona a été placée sur la branche la plus basale dans la tribu, suivie d'Austroplebeia en tant que groupe soeur des deux principaux rameaux (C et D). Ces résultats ne concordent pas avec les groupes traditionnels à la composition intercontinentale, par exemple Trigona sensu lato ou Plebeia sensu lato. Si l'on considère les groupements parmi les 15 genres néotropicaux, nos résultats ne concordent pas avec les principaux groupes traditionnellement reconnus au sein de cette faune, bien qu'on ait retrouvé certains petits groupes aux caractéristiques morphologiques fortes, par exemple le rameau formé par le genre Meliwillea et Scaptotrigona. Les relations phylogénétiques alternatives suivantes ont été par ailleurs suggérées : (1) Lestrimelitta, genre d'abeilles voleuses obligatoires, a été placée comme étroitement apparentée à Plebeia s. str., (2) le genre semblable à Plebeia, Schwarziana, a été placé près du genre Trigona s. str., (3) Friesella, autre genre semblable à Plebeia, a été placé loin de Plebeia, (4) Oxytrigona, groupe traditionnellement inclus dans Trigona s.l. (Moure, 1951 ; Michener, 1990 Michener, , 2000 Camargo, 1996) 
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